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ABSTRACT: Synthesis of 1,2-anhydro sugars via an intramolecular dehydration of unprotected saccharides in aqueous media 
and its first structural characterization by means of low-temperature NMR spectroscopy have successfully been achieved. The 
resulting 1,2-anhydro sugars were found to be recognized as substrates for glycoside hydrolases and could be utilized as novel 
glycosyl donors for enzymatic glycosylation reaction. 
Chapter 1  Introduction 
Glycosidase-catalyzed transglycosylation has become an attractive methodology in the field of synthetic carbohydrate 
chemistry. The main reason why glycosidases are frequently employed for glycoside synthesis is because they satisfy 
necessary and sufficient properties as catalyst for industrial scales. Glycosidases show high stability and availability, and the 
substrates for glycosidases are inexpensive. In order to develop an efficient transglycosylation reaction, it is necessary to utilize 
an appropriate activated sugar compound as a glycosyl donor. Cyclic sugar derivatives are known to be potential glycosyl 
donors for glycosylation reaction, because the torsional strain induced by the condensed ring structure lowers the activation 
barrier. In particular, sugar oxazolines have extensively been employed for the glycosidase-catalyzed transglycosylation. We 
envisioned that 1,2-anhydro sugars, having a bicyclic structure where a six-membered ring and a three-membered ring are 
fused, could also be an efficient glycosyl donor for enzymatic glycosylation reaction. The author has studied the synthesis of 
unprotected 1,2-anhydro sugars by using dehydrating agents in aqueous media. In addition, the author has performed 
glycosidase-catalyzed transglycosylations using 1,2-anhydro sugars as donor substrates, giving rise to oligosaccharides. 
Chapter 2  Synthesis of Unprotected 1,2-Anhydro sugars and its Chemical Properties 
There have been no reports on the proof for actuality of unprotected 1,2-anhydro sugars; even their existence has been 
wrapped in mystery for nearly a hundred years. One of the main reasons for the lack of basic information is that there are no 
efficient methods for constructing the fused bicyclic structure of 1,2-anhydro sugars under neutral and mild reaction conditions 
without using protecting groups. To accomplish the formation and detection of unprotected 1,2-anhydro moieties, it is 
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necessary to completely develop a new dehydration methodology that takes place under extremely mild and essentially neutral 
conditions. Recently, we have reported the synthesis of a series of glycosidic compounds such as glycosyl azides and 
thioglycosides by the reaction of unprotected sugars and sodium azide or aromatic thiols, respectively, as nucleophile through 
the direct anomeric activation using formamidinium-type dehydrating agents 
1
. All of these reactions proceeded under 
extremely mild conditions in aqueous media, and the stereoselective formation of 1,2-trans products could be explained by 
assuming the intermediacy of unprotected 1,2-anhydro sugars. We therefore postulated that if the reaction is carried out at a 
sufficiently low temperature without adding a nucleophile, the synthesis of unprotected 1,2-anhydro sugars might be possible. 
When D-glucose was reacted with 2-chloro-1,3-dimethyl 
imidazolinium chloride (DMC) in D2O/CH3CN (1/1 (v/v)) in 
the presence of triethylamine (Et3N), the 
13
C NMR of the  
reaction mixture at -10 °C showed signals at 78.7 ppm and 
56.5 ppm assignable to C1 and C2, respectively (Figure 1). 
Interestingly, these signals were observed in more than 15 
ppm higher magnetic fields compared with those of α- or 
β-glucopyranose. These results strongly support the existence 
of an epoxide ring in the product, because epoxide carbons are 
detected generally at higher magnetic fields than those of 
other cyclic ethers due to the ring strain. Other NMR 
experiment including 
1
H, H-H COSY, 
1
JCH coupling constants, 
also indicated that an intramolecular dehydration took place 
between the hemiacetal and 2-hydroxy group using DMC as a 
dehydrating agent, giving rise to 1,2-anhydro glucose. The 
resulting 1,2-Anhydro glucose could not be isolated because it 
was slightly hydrolyzed to glucose at the same temperature 
(t1/2  110 min). Various unprotected monosaccharides 
(Entries 1-6, Table 1), disaccharides (Entries 7-11), and a 
trisaccharide (Entry 12) could be converted to the 
corresponding 1,2-anhydro sugars in moderate yields by using 
DMC or 2-chloro-1,3-dimethylbenzimidazolinium chloride 
(CDMBI) as a dehydrating agent 
2
.  
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Figure 1  
13
C NMR spectra of D-glucose (upper) and 
the reaction product (lower). 
Table 1  Synthesis of 1,2-anhydro sugars from various 
unprotected saccharides 
a)
 
Entry Substrate (mM) Dehydrating agent (eq) Et3N [eq] Yield [%]
b)
1 Glucose (250) DMC (2) 6 63
2 Mannose (250) DMC (3) 9 50
3 Allose (250) DMC (3) 9 65
4 Galactose (250) DMC (2) 6 27
5 Xylose (250) DMC (3) 9 73
6 Rhamnose (250) CDMBI (3) 9 66
7 Cellobiose (125) DMC (3) 9 61
8 Lactose (125) DMC (3) 9 64
9 Xylobiose (125) CDMBI (3) 9 52
10 Maltose (125) DMC (3) 9 43
11 Melibiose (125) CDMBI (3) 9 64
12 Isomaltotriose (125) CDMBI (3) 9 51
a) Reactions were carried out in 1:1 D2O/CH3CN at -10 
oC.
1H NMR was measured after 10 min from the start of the reaction.
b) Determined by 1H NMR.
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Chapter 3  The Search for Enzymes Recognizing 1,2-Anhydro Sugars and its Application to Enzymatic Glycosylation 
Reaction 
In this chapter, we screened cellulase-type glycosidases for the transglycosylation reaction using 1,2-anhydro cellobiose as 
a glycosyl donor. The synthesis of 1,2-anhydro cellobiose and the subsequent enzymatic glycosylation reaction was performed 
in the same aqueous solution by one-pot reaction due to the low stability of 1,2-anhydro cellobiose. As a result of enzyme 
screening, it was found that 1,2-anhydro cellobiose could be recognized by Endoglucanse III from Aspergllus sp., giving rise to 
cellotetraose as a transglycosylated product (Scheme 1). 
 
 
 
 
 
 
 
Next, in order to purify an enzyme having a transglycosylating activity from a crude enzyme preparation of 
Endoglucanase III, the author developed a novel enzyme assay of glycosidases using 1,2-anhydro cellobiose. This method is 
based on the transformation of the residual 1,2-anhydro cellobiose to an aryl thioglycoside which is capable of quantification 
by absorption spectroscopy. The purification of an enzyme having transglycosylating activity was achieved by four types of 
column chromatography. The amino acid analysis of the purified enzyme fraction clearly indicated that the sequence of the 
peptide fragment is identical with that of GH family 12 (GH12) endo-β-1,4-glucanase I (End I) from Aspergillus aculeatus. 
The author investigated the transglycosylating activity of GH12 endo-β-1,4-glucanase I from Aspergillus aculeatus F-50 
(FI-CMCase) with high sequence homology to End I. It was confirmed that 1,2-anhydro cellobiose was recognized by FI-CM- 
Case, giving rise to cellotetraose. The author investigated 
the effect of pH in FI-CMCase-catalyzed transglyco- 
sylation reaction. The maximum yield of cellotetraose was 
observed when 3-(N-morpholino)ethansulfonic acid (MES) 
was added for the neutralization of the reaction solution 
(Entry 2, Table 2). In addition, the yield of cellotetraose was 
increased to 42% when the additional cellobiose as a 
glycosyl acceptor was supplied at the start of the enzymatic 
reaction (Entries 5-7). 
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Scheme 1  Enzymatic glycosylation reaction of 1,2-anhydro cellobiose catalyzed by Endoglucanase III. 
Entry
Substrate 
concn [mM]
Neutralizing reagent 
(4 eq) b)
Additional cellobiose
[eq] b)
Yield [%] c)
1 10.2 MOPS - 18
2 10.2 MES - 24
3 10.2 AcOH - 17
4 10.2
250 mM Na-acetate 
buffer (pH 4.0)
- 17
5 10.2 MES 1 33
6 5.1 MES 2 37
7 5.1 MES 4 42
a) All reaction were carried out in CH3CN/H2O=1:1  at 0 
oC for 1h :
FI-CMCase 5.5 wt % for 1,2-anhydro cellobiose.
b) Equivalence against initial cellobiose
c) Yields was calculated by HPLC based on the 1,2-anhydro cellobiose.
Table 2  Effect of the neutralizing reagent and the 
additional cellobiose on the yields of cellotetraose 
a)
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It was also found that this enzymatic glycosylation reaction could be applied to other glycosyl acceptors such as Cel-β-OMe, 
Cel-α-SPh (Scheme 2, Figure 2).  
 
 
 
 
 
 
 
 
Added to these results, it has been confirmed that various glycosidases recognized 1,2-anhydro sugars as glycosyl donors 
and catalyzed the transglycosylation reactions (Table 3). These results may imply a possible that glycoside hydrolases which 
recognize 1,2-anhydro sugars exist across species and GH families. 
 
 
 
 
 
 
Chapter 4  Summary 
In this thesis, synthesis of unprotected 1,2-anhydro sugars and its application to the enzymatic glycosylation reaction have 
been summarized. In Chapter 2, the author succeeded in the synthesis of unprotected 1,2-anhydro sugars for the first time using 
formamidinium-type dehydrating agents in aqueous media, which gave clear-cut evidence of unprotected 1,2-anhydro sugars 
whose existence has long been under controversy in organic chemistry. In Chapter 3, it was revealed that 1,2-anhydro 
cellobiose could be recognized by GH12 FI-CMCase from Aspergillus aculeatus F-50. FI-CMCase-catalyzed transglyco- 
sylation of 1,2-anhydro cellobiose proceeded with various glycosyl acceptors, giving rise to the corresponding cellotetraose 
derivatives as transglycosylated products. It is hoped that this methodology will be an efficient methodology for 
oligosaccharide synthesis by examining the combination of 1,2-anhydro sugars as donor substrates and glycoside hydrolases. 
Reference  [1] (a) T. Tanaka et al., Chem. Comm., 2009, 23, 3378. (b) N. Yoshida et al., Chem. Asian. J., 2011, 6, 1876. [2] K. 
Serizawa et al., Chem. Lett., 2017, 46, 1024. 
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Scheme 2  FI-CMCase-catalyzed transglycosylation reaction of 
1,2-anhydro cellobiose with various glycosyl acceptors. 
Figure 2  HPLC charts of reaction mixtures; 
Acceptor: Cel-β-OMe (a), Cel-α-SPh (b). 
Table 3  Glycosidases recognizing 1,2-anhydro sugars as glycosyl donors 
Substrate Enzyme Family
1,2-Anhydro cellobiose endo-β-1,4-glucanase I (FI-CMCase) from Aspergillus aculeatus F-50 GH12
endo-β-1,4-glucanase III (EGIII) from Trichoderma reesei GH12
endoglucanase 2 (FII-CMCase) from Aspergillus aculeatus F-50 GH5
endo-β-1,4-glucanase II (EGII) from Trichoderma reesei GH5
1,2-Anhydro XXXG xyloglucan endotransferase (AtXTH22) from Arabidopsis thaliana GH16
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